Abstract
METHODS:
In this study, human rhabdomyosarcoma (RD) cells were infected with EV71 at different multiplicity of infection (MOI). After infection, the cytopathic effect (CPE) was monitored and recorded using a phase contrast microscope associated with a CCD camera at different time points post viral infection (0, 6, 12, 24 h post infection). Cell growth and viability were measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in both EV71 infected and mock infected cells at each time point. EV71 replication kinetics in RD cells was determined by measuring the total intracellular viral RNA with real-time reverse-transcription polymerase chain reaction (qRT-PCR). Also, the intracellular and extracellular virion RNA was isolated and quantified at different time points to analyze the viral package and secretion. The expression of viral protein was determined by analyze the levels of viral structure protein VP1 with Western blotting.
RESULTS:
EV71 infection induced a significant CPE as early as 6 h post infection (p.i.) in both RD cells infected with high ratio of virus (MOI 10) and low ratio of virus (MOI 1). In EV71 infected cells, the cell growth was inhibited and the number of viable cells was rapidly decreased in the later phase of infection. EV71 virions were uncoated immediately after entry. The intracellular viral RNA began to increase at as early as 3 h p.i. and the exponential increase was found between 3 h to 6 h p.i. in both infected groups. For viral structure protein synthesis, results from western-blot showed that intracellular viral protein VP1 could not be detected until 6 h p.i. in the cells infected at either MOI 1 or MOI 10; and reached the peak at 9 h p.i. in the cells infected with EV71 at both MOI 1 and MOI 10. Simultaneously, the viral package and secretion were also actively processed as the virus underwent rapid replication. The viral package kinetics was comparable for both MOI 1 and MOI 10 infected groups. It was observed that at 3 h p.i, the intracellular virions obviously decreased, thereafter, the intracellular virions began to increase and enter into the exponential phase until 12 h p.i. The total amounts of intracellular virons were decreased from 12 to 24 h p.i. Consistent with this result, the increase of virus secretion occurred during 6 to 12 h p.i.
CONCLUSION:
The viral kinetics of EV71 were established by analyzing viral replication, package and secretion in RD cells.
INTRODUCTION
Enterovirus 71 (EV71) is a member of human enterovirus species which belongs to the Picornaviridae family. It is one of the major causative agents for herpangina and hand, foot and mouth disease (HFMD) [1, 2] . Among young children, acute EV71 infection may also cause severe neurological diseases such as encephalitis and meningitis that lead to significant mortality [3, 4] . Recently, outbreaks of EV71 infection have been frequently reported throughout the world [5] [6] [7] [8] [9] [10] . In China, a recent outbreak of EV71 infected more than 1.4 million children and caused 760 deaths from January to July, 2010. It is also noted that an adult died due to EV71 infection in Hong Kong in May, 2010 (http://www.hkcd.com.hk/content/2010-05/28/content_2531606.htm).
EV71 is a small RNA virus containing a non-enveloped capsid and a single-stranded positive genomic RNA (about 7400 bp) [11] . The life cycle of EV71 was speculated according to studies on other enteroviruses. EV71 would attach to the host cell via its specific receptors [12] and then the viral genomic RNA is released into the cytoplasm, where it directly translates into a polyprotein. This precursor protein can subsequently be cleaved into four structural (VP1, VP2, VP3 and VP4) and seven non-structural (2A, 2B, 2C, 3A, 3B, 3C and 3D) proteins [4] . For virus RNA replication, a complementary minus-strand RNA is synthesised in the cytoplasm and then this minus-strand RNA can serve as a template for new plus-strand RNA molecules. Newly synthesized virus RNA may go into another round of translation and replication, or is packaged into capsid proteins to produce infectious viral particles (see review in Ref. [13] ).
Studies on other viruses demonstrate that the knowledge of virus kinetics is important for clarifying viral pathogenesis and exploring effective treatments. The knowledge of the viral kinetics on human immunodeficiency virus, hepatitis B virus and hepatitis C virus has greatly improved the understanding of the cell response to these viruses and mechanisms of related antiviral therapy [14] [15] [16] . In the Picornavirus family, the kinetics of swine vesicular disease virus (SVDV) and foot-and-mouth disease virus (FMDV) have been described in several studies [17, 18] . However, little information is known about EV71 infection. In this study, we used rhabdomyosarcoma (RD) cells as an in vitro model and intensively investigated the viral kinetics of EV71, including the kinetics of viral replication, viral protein synthesis, packaging and secretion.
MATERIALS AND METHODS
Cell culture and virus propagation RD cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL streptomycin. EV71 strain SHZH98 (GenBank accession number AF302996.1) was obtained from Shen-zhen Center for Disease Control and Prevention, Shenzhen, China. To prepare virus stocks, viruses were propagated on a 90% confluent cell monolayer in DMEM with 2% FBS. The viral titres were measured by the cytopathic effect (CPE) microtitration assays and expressed as 50% tissue culture infective dose (TCID50) per millilitre (mL) according to the Kärber formula [19] . Viral infection and cytopathic effects assay RD cells were cultured in 12-well plates and infected with nil or EV71 at multiplicity of infection (MOI) 1 and 10, respectively. Briefly, plated cells were washed twice with phosphate buffered saline (PBS) and infected with EV71. Time was set as zero after adsorption for 1 h. The culture media were removed and cells were washed twice with PBS to remove unattached virus before adding 1 mL of DMEM medium containing 10% FBS to each well. The cells were cultured at 37 ℃ in 5% CO2. The cell morphology was monitored and recorded using a phase-contrast microscope associated with a CCD camera and computer at different time points. The infected cells and culture supernatants were harvested to isolate RNA and proteins.
MTT assay
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assays were performed to determine the cell viability upon E���� infection. Briefly�� RD cells were E���� infection. Briefly�� RD cells were . Briefly�� RD cells were RD cells were cells were were set in 96-well plates at 1 �� 10 �� 10 10 4 cells per well 24 h before infection with EV71 at MOI 1 or MOI 10. The mehe medium was then replaced with 0.5 mg/mL MTT medium mg/mL MTT medium mg/mL MTT medium at different time points and incubated for another 4 h. and incubated for another 4 h. The MTT solution was removed from the wells and the formazan crystals were dissolved in DMSO. Absorbances in DMSO. Absorbances of the formazan products were measured at 550 nm with the reference wavelength at 690 nm.
RNA isolation
For intracellular viral RNA quantification�� the total cellular RNA was isolated from EV71 infected cells using TRIzol reagent (Invitrogen, United States) according to the manufacturer's instructions. To quantitate the extracellular virions�� we first isolated the virions from the culture media of infected cells. The media were harvested and briefly centrifuged to remove cell debris. �iral core particles were then precipitated with 10% polyethylene glycol 8000 containing 0.5 mol/L NaCl at 4 ℃ overnight. After centrifuging for 30 min at 16 000 g, viral particles were pelleted and treated with 100 μg/mL of RNase A (Sigma, United States). To isolate the intracellular virions, EV71 infected cells were lysed with lysis buffer (1% Triton 100 and 1 �� Roche protease inhibitor cocktail �� Roche protease inhibitor cocktail Roche protease inhibitor cocktail in PBS). Then the cell lysates were used to isolate viral particles as described above. The virion-associated RNA was then isolated by using TRIzol reagent. To set up the standard curve of infectious viruses, the viral titres were first determined by CPE assay. Then the viral RNA was extracted from those infectious EV71 viruses. RNA was diluted at ten-fold serial and used to reflect the calculated PFU from 10 to 1 �� 10 7 live virions.
Quantitative reverse transcription-polymerase chain reaction
The one-step quantitative real-time polymerase chain reaction (qRT-PCR) was carried out using the ABI 7500 Real-Time PCR system (Applied Biosystems) with QuantiTect SYBR Green RT-PCR Kit (Qiagen) and specific forward EV71-VP1F (5'-GCAGCCCAAAA-GAACTTCAC-3') and reverse EV71-VP1R (5'-ATT-TCAGCAGCTTGGAGTGC-3') primers targeting a conserved region of the VP1 gene [20] . PCR assay was carried out in a 20 μL volume consisting of 10 μL of 2 �� Quantitect SYBR green RT-PCR Master Mix, containing HotStarTaq DNA polymerase, 1 μL of 10 μmol/L of each oligonucleotide primer, 0.2 μL of 100 �� QuantiTect RT Mix (containing Omniscript and Sensiscript reverse transcriptases) and 2 μL of RNA extracted from samples or from ten-folds serial diluted virus RNA standard (from 10 7 to 10 copies). The target fragment amplification was carried out as follows: reverse transcription at 50 ℃ for 30 min; initial activation of HotStar Taq DNA Polymerase at 95 ℃ for 15 min; 45 cycles in four steps: 94 ℃ for 10 s, 56 ℃ for 30 s, and 72 ℃ for 30 s. At the end of the amplification cycles�� melting temperature analysis was carried out by a slow increase in temperature (0.1 ℃/s) up to 95 ℃.
Western blotting
To prepare total cellular protein extracts, the cells were lysed with RIPA buffer (50 mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-100, 0.1% SDS, 1 �� Roche protease inhibitor cocktail) with �� Roche protease inhibitor cocktail) with Roche protease inhibitor cocktail) with occasional vortexing. Lysates were collected by centrifugation at 14 000 g for 10 min at 4 ℃ and protein concentrations were measured by the Bradford method (BioRad, United States). Equal amounts (20 μg) of proteins from each sample were separated through 12% SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF) membranes (Amersham Biosciences). Membranes were blocked by 5% skim milk in Tris-Buffered Saline Tween-20 (TBST) (20 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, 0.1% Tween 20) followed by incubation with specific antibodies against �P�� (PAB�63��-D01P, Abnova) or GAPDH (Santa Cruz Biotechnology). Target proteins were visualized with horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology) and a chemiluminescence detection system (Amersham Biosciences). Each immunoblotting was carried out at least three times.
Statistical analysis
Data are depicted as mean ± SD. All statistical analyses were carried out with SPSS 14.0 software (SPSS Inc.). Two-tailed Student's t test was applied for two-group comparison. P < 0.05 was considered statistically significant. Figure 1A , panels f and j). Initially, the cells rounded up and became more refractile. As the culture progressed, some infected cells detached from the culture plate and floated into the medium ( Figure 1A , panels g, h, k and l). Compared with the cells infected at MOI 1, more cells were unhealthy at 6 h p.i. when infected at MOI 10 ( Figure 1A, panel j vs f) . Later on, the cells infected with EV71 both at MOI 1 and 10 underwent significant cell death and detached from the surface of culture dishes ( Figure 1A, panels g and k) . At 24 h p.i, most of the cells were detached from the surface of the plate in both infected groups ( Figure 1A , panels h and l). The MTT assay showed that the viability of the cells infected with E���� at MOI �� did not significantly decrease at 12 h p.i., but slightly reduced in cells infected at MOI 10 ( Figure 1B) . At 18 and 24 h p.i., the viability of the cells infected with EV71 either at MOI 1 or 10 significantly decreased.
RESULTS

Cytopathic effects and the kinetic of cell viability
Morphological changes were observed as early as 6 h p.i. when RD cells were infected with EV71 at either MOI 1 or 10 (
The kinetics of viral replication
To examine the kinetics of viral replication, the levels of intracellular viral RNA were measured by qRT-PCR at each time point. As shown in Figure 2 , the intracellular viral RNA began to increase as early as 3 h p.i. and the exponential phase was from 3 to 6 h p.i in both infected groups. In the case of infection at MOI 1, the intracellular viral RNA continually increased from 6 to 12 h p.i., and then gradually decreased until 24 h p.i. In the case of MOI 10, the intracellular viral RNA reached a peak between 6 and 9 h p.i., and then began to decrease.
The kinetics of viral protein synthesis
The intracellular viral protein VP1 was not detected until 6 h p.i. in the cells infected at MOI 1 and10 (Figure 3) . The VP1 protein level reached a peak at 9 h p.i. in the cells infected with EV71 at both MOI 1 and MOI 10. Obviously, the VP1 levels were much higher in the cells infected at MOI 10 than at MOI 1. In the case of infection at MOI 1, the VP1 level was maintained until 12 h p.i.; whereas the VP1 protein level rapidly decreased after 9 h p.i. when the cells were infected with EV71 at MOI 10.
The kinetics of viral package
To determine the kinetics of virus package, the intracellular EV71 virions were quantified at different time points p.i. At 3 h p.i.�� the intracellular virions significantly decreased. Thereafter, the intracellular virions began to increase and enter into the exponential phase until 12 h p.i. when the amount of intracellular virions reached a peak.
The viral package kinetics were comparable for both the MOI 1 and MOI 10 infected groups (Figure 4) . The total amounts of intracellular virions then decreased from 12 to 24 h p.i.
The kinetics of viral secretion
To determine the kinetics of virus secretion, the extracellular EV71 virions were quantitated. The EV71 virions began to be released from the cells infected either at MOI 1 or 10 3 h p.i. (Figure 5 ). The amounts of extra- cellular EV71 virions in the cultures of the two groups were constitutively increased. From 3 to 6 h p.i., the virions were slowly secreted into the culture media, and the virus secretion entered into the exponential phase from 6 to 12 h p.i. At 12 h p.i., the rate of increase declined and the total amount of extracellular virions reached a maximum at 24 h p.i. For cells infected at MOI 1 or 10, the virions in the culture media were similar at 24 h p.i.
DISCUSSION
Viral kinetics is an important parameter for demonstrating viral activities in the host cells and provides basic information on viral-host interactions and pathogenesis. The kinetics of some picornaviruses such as SVDV and FMDV have been described in several studies [17, 18] . However, little information on EV71 is available. Some studies provided brief descriptions on EV71 RNA replication and the growth kinetics of EV71 infected cells, however, the infection ratios used in these studies were too low (MOI ≤ 0.01) to guarantee the synchronicity 0.01) to guarantee the synchronicity of infection [21, 22] . In this situation, some cells were undergoing cell death, whereas others just had a chance to be infected by new E���� viruses secreted from the first round infected cells. Therefore, the viral life cycle could not be accurately examined. In addition, with the exception of RNA synthesis, no information was provided on viral protein expression, virus package and secretion. Our study�� for the first time�� comprehensively described the detailed viral kinetics in human RD cells. As RD cells infected by EV71 would develop cellular pathogenesis (CPE), these cells have been extensively used to investigate the viral activities of EV71 and host responses to EV71 infection [23] [24] [25] [26] . To obtain a synchronized infection, RD cells were pulse infected at high MOIs (MOI 1 and 10) to ensure that the majority of the cells were primarily infected in our study. Following infection, the unattached viruses were removed by washing the cells twice with PBS. This would minimize the interference of non-infectious virions. In this study, the kinetics of viral replication, gene expression, package and secretion as well as the effects of viral activities on host cells were carefully examined at different time points.
We showed here that the intracellular virions significantly decreased by over 90% at 3 h p.i. (Figure 4 ), while the total intracellular RNA copies remained almost at the same levels ( Figure 2 ). These results suggested that the virions were immediately uncoated after entry and virus replication was inactive within the first 3 h after infection. During this phase, the viral RNA could be translated to generate viral proteins essential for viral replication. From 3 to 6 h p.i., the virus underwent fast replication and the total intracellular viral RNA was rapidly accumulated ( Figure 2) . Similar results were also reported in other poliovirus infection [27] . The total intracellular viral RNA increased by more than 64-fold within this period. In the meantime, viral gene expression was also initiated along with viral replication, as viral VP1 proteins in the host cells were clearly detected at 6 h ( Figure 3) . The viral package was also started (Figure 4 ) but very few virions were secreted ( Figure 5 ). At 6 h p.i., about 1% (MOI 1) to 3% (MOI 10) of viral RNA was packaged into virions ( Figures 2 and 4) . Although the virus was rapidly replicating, the host cells were generally healthy during this period. From 6 to 9 h p.i., some cells became unhealthy (Figure 1) , the viral replication entered a static stage as the total intracellular viral RNA only increased by about 2-fold in the MOI 1 and MOI 10 group. In the case of MOI 1, the total intracellular viral RNA increased a further 2-fold from 9 to 12 h p.i., but began to decrease 9 h p.i. in the cells infected at MOI 10. This suggested that viral RNA in cells infected with higher MOI reached maximal levels earlier. The viral gene expression and package were also actively processed in this period. The viral protein VP1 levels reached a peak at 9 h p.i. and rapidly decreased at 12 h p.i. in the MOI 10 group. In the case of MOI 1, the VP1 levels also reached a maximum at 9 h p.i. and maintained the same levels at 12 h p.i. Following viral protein synthesis, the intracellular virions also rapidly increased over 16-fold (MOI 10) or Data are the mean ± SD of three independent experiments; each carried out in triplicate.
64-fold (MOI 1). In both cases, the intracellular virions reached a peak and about 30% of viral RNA was packaged into the virions at 12 h p.i. (Figure 4 vs Figure 2 ). In the case of MOI 1, the extracellularly accumulated virions increased 8-and 64-fold from 6 to 9 h, and 9 to 12 h, respectively; while the extracellularly accumulated virions increased 30-and 5-fold during the same periods in the MOI 10 group. From 12 to 24 h p.i., as more and more infected cells became unhealthy and died, the intracellular viral RNA levels significantly decreased and viral replication became less active. These findings suggested that the cells could no longer sustain further viral replication and died [28] [29] [30] . This was further supported by the data on intracellular and extracellular virion levels. We showed here that the intracellular virions maintained high levels at 16 h p.i. although more and more virions were secreted into the culture media. After that, the ratio of packaged viral RNA to total viral RNA was constant at about 50% in both the MOI 1 and MOI 10 group.
In summary, we have established a viral kinetics model of EV71 in human RD cells ( Figure 6 ). We showed that upon infection�� the virus uncoated within the first 3 h and started to synthesize the essential viral proteins for replication. From 3 to 6 h p.i., the virus rapidly replicated its genomic RNA and initiated viral package. The fast viral package displayed from 3 to 12 h p.i. and virion secretion from 6 h p.i. continued until death of the host cells. Host cells started to become unhealthy as early as 6 h p.i. but still supported viral replication, package and secretion until death. Thus, our study provides important information for further investigations into virus-host interactions and host pathogenesis.
COMMENTS
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Innovations and breakthroughs
Studies on other human viruses such as human immunodeficiency virus, hepatitis C virus and hepatitis B virus have highlighted the importance of understanding viral kinetics. In this study, for the first time, the authors fully described the viral kinetics of EV71 in rhabdomyosarcoma (RD) cells and characterized �h� ac�������s d�r��g �ach s��p o� ��ra� r�p��ca��o� �� d��a��.
Applications
Acc�ra�� ���orma��o� o� ��ra� k�����cs ���� pro��d� a �a��ab�� r���r��c� �or ��-��s��ga���g �����-hos� ����rac��o�s a�d �h� pa�hog���c m�cha��sms o� d�s�as�s ca�s�d by ����� ����c��o�.
Terminology
EV71 is a small positive RNA virus. During viral replication, the complementary minus-strand RNA is synthesised first and serves as a template for the next round of translation and replication. Thus, the viral RNA levels in cells, viral particles and culture supernatants represent the relative levels of viral replication, packag� a�d s�cr���o�.
